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Summary. Epileptiform EEG activity associated with ischemia can con-
tribute to early damage of hippocampal neurons, and seizure activity may
also lead to dysfunction in extrahippocampal regions. In this study, seizure
activity associated with the four-vessel occlusion model of cerebral ische-
miawasmonitoredusingchronicallyimplantedelectrodesintheCA1=subic-
ular region, the perirhinal cortex, and the prefrontal cortex of the rat.
Background EEG amplitude was reduced in all recording sites during
occlusion, but spiking and bursting activity was also observed. Seizure
activity occurred in most animals during the ﬁrst several hours of reperfu-
sion, but was not observed on subsequent days. Epileptiform spikes and
bursts were often synchronous between two or three recording sites, and
spikes in the CA1 region also often occurred just prior to spikes in other
sites. These results demonstrate that the four-vessel occlusion model can
lead to patterns of seizure activity in the hippocampus, prefrontal and
perirhinal cortices.
Keywords: Anoxia; seizure; excitotoxicity; CA1; infralimbic; parahippo-
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Introduction
Transient global cerebral ischemia can lead to neuronal
pathology in widespread cortical areas and epileptiform
population activity associated with ischemia may contrib-
ute to this damage. Ischemia disrupts neuronal metabolism
and leads to depolarization of membrane potential that
can cause glutamate release and promote excitotoxicity
(Benveniste et al. 1984; Rader and Lanthorn 1989; Xu
and Pulsinelli 1996; Dirnagl et al. 1999; Lipton 1999;
Rossi et al. 2000). Flattening of EEG activity occurs com-
monly during ischemia (Freund et al. 1989; Peruche et al.
1995) but periods of hyperexcitability and seizure activity
can also occur during ischemia and reperfusion (Freund
et al. 1989; Voll and Auer 1991; Hartings et al. 2003).
Strong synaptic activity during seizures can contribute to
excitotoxicity (Ben-Ari et al. 1980; Sloviter 1983; Schmidt-
Kastner and Freund 1991; Dirnagl et al. 1999; Holmes
2002) and the hippocampus is particularly susceptible to
seizures and ischemia-induced neuronal damage (Pulsinelli
et al. 1982; Schmidt-Kastner et al. 1989; Schmidt-Kastner
and Freund 1991). Although it is clear that seizure activity
does not increase hippocampal degeneration in the days
following ischemia (Armstrong et al. 1989; Buzsaki et al.
1989; Schmidt-Kastner and Freund 1991), seizures during
or immediately after ischemia may contribute to hippocam-
pal dysfunction and to the dysfunction of related cortical
regions involved in memory processing.
Although ischemia can produce widespread pathology,
the memory impairments associated with ischemia have
usually been attributed to hippocampal damage. Memory
deﬁcits after global ischemia have been reported in humans
and monkeys with few histological abnormalities out-
side the hippocampus (Zola-Morgan et al. 1986, 1992;
Bachevalier and Mishkin 1989) and in rats, ischemia
impairs performance on spatial memory tasks in ways that
resemble the effects of hippocampal ablation (Volpe et al.
1992; Davis and Volpe 1993; Block 1999). However, 20min
of ischemia also leads to lasting impairments in object-
recognition memory (Wood et al. 1993; Mumby et al.
1996) that are not observed following direct hippocampal
ablation (Mumby 2001), and this suggests that these
impairments are due to dysfunction of extrahippocampal
structures. Initial studies using Nissl-stained tissue did
not detect neuropathology in forebrain areas following
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method is now known to underestimate the extent of extra-
hippocampal damage produced by global ischemia (Nunn
and Jarrard 1994; Corbett and Nurse 1998) and behavioral,
electrophysiological, and neurochemical abnormalities can
occur following ischemia in the absence of obvious histo-
logical abnormalities(HoriandCarpenter 1994; Corbett and
Nurse 1998). Dysfunction of both hippocampal and neo-
cortical areas, therefore, is likely to contribute to memory
impairments following ischemia.
Ischemic brain damage has multiple causes, and the
spread of seizure activity is one factor that may contribute
to the dysfunction of cortical areas thought to mediate im-
pairments in object-recognition memory. Removal of the
hippocampus 1hour after global ischemia prevents deﬁ-
cits in object-recognition memory that otherwise result
(Mumby et al. 1996), and this protective effect of hippo-
campal ablation on memory performance suggests that
abnormal hippocampal function during recovery from is-
chemia can contribute to a lasting disruption of cortical
function. This raises the possibility that hippocampal sei-
zure activity could promote the occurrence or severity of
seizure discharges in cortical targets of the hippocampal
formation (Mumby et al. 1996).
In the present study, seizure activity in the CA1=subicular
region, the prefrontal cortex and the perirhinal cortex was
monitored in rats during and following transient global
ischemia induced by four-vessel occlusion (Pulsinelli and
Brierley 1979; Pulsinelli et al. 1982; Pulsinelli and Buchan
1988). Both the perirhinal cortex and prefrontal cortex re-
ceive inputs from the CA1=subicular region and contribute
to memory processing (Witter et al. 1990; Laroche et al.
2000; Mumby and Glenn 2000; Naber et al. 2000; Thierry
et al. 2000). Strong conclusions regarding the spread of
seizure activity could not be drawn using the in vivo ﬁeld
potential recording techniques used here, but latency dif-
ferences in population spiking in the three recording sites
were examined to determine if hippocampal spikes might
precede seizure activity in cortical areas. Synaptic ﬁeld
potentials evoked by stimulation of the CA1=subicular re-
gion were also used to determine if ischemia results in last-
ing changes in synaptic connectivity between these areas.
Methods
Surgery
Electrode implantation: All experimental procedures were conducted in
accordance with the guidelines of the Canadian Council on Animal Care.
Ten male Long Evans hooded rats (350–450g; n¼10) were treated with
atropine (0.1mg=kg i.p.) prior to anesthesia with sodium pentobarbital
(65mg=kg, i.p.) and placed in a stereotaxic frame with bregma and lambda
level. Bipolar Teﬂon-coated stainless steel twisted-wire electrodes (125mm
tips separated by 1.0mm) were lowered through burr holes into the CA1=
subicular region (P,  6.5mm; L, 5.4mm; and V, 4.5mm relative to bregma),
perirhinal cortex (PRh; P,  3.6mm; L, 6.5mm; and V, 7.3mm), and the
infralimbic region of the prefrontal cortex (PFC; A, 3.0mm; L, 0.5mm; and
V, 5.0mm). Vertical positions of electrodes were adjusted to maximize the
amplitude of ﬁeld excitatory postsynaptic potentials (fEPSPs) evoked in the
perirhinal and prefrontal cortices by stimulation of the CA1=subiculum.
Electrode leads were connected to gold-plated Amphenol pins and mounted
in a 9-pin connector. The assembly was embedded in dental cement an-
chored to the skull with stainless-steel jeweler’s screws. One screw in the
left frontal bone served as a ground electrode and as a reference electrode
for monopolar recordings when required. Buprenorphine (0.02mg=kg, s.c.)
was used as a post-surgical analgesic and there was a  2 week recovery
period prior to electrophysiological recordings. Animals were housed indi-
vidually and tested during the lights-on phase of a 12-hour light-dark cycle.
Cerebral ischemia: Ischemia was induced using a modiﬁed version of the
four-vessel occlusion model over a two-day period (Pulsinelli and Brierley
1979; Schmidt-Kastner et al. 1989). On the ﬁrst day, rats were anesthetized
using a 5% isoﬂurane and 95% oxygen mixture, and surgical areas were
shaved and sterilized with Betadine. Animals were placed on a regulated
heating pad (Fine Science Tools, Model 21061) in a stereotaxic frame and
an incision was made in the back of the neck. Access to vertebral arteries
was achieved by gently separating muscle tissue to expose the ﬁrst verte-
brae, and the arteries were permanently occluded via the alar foramina using
a Macan electrocauterizer (Model MV8). The incision was closed and the
animal was removed from the stereotaxic apparatus. The animal was placed
on its back atop the heating pad and an incision was made along the midline
at the level of the clavicle. Carotid arteries were isolated from the vagus
nerve using blunt forceps, and were loosely encircled with waxed ligatures
for use on the next day. The incision was closed with wound clips.
To induce ischemia on the following day, animals were anesthetized with
isoﬂurane and the ventral neck incision was re-opened. The carotid arteries
were located using the ligatures and occluded using small steel clamps
(Biomedical Research Instr., Model 14-1060) and anesthesia was halted.
After 15min of occlusion, the ligatures and clamps were removed and the
incision was closed. Five animals showed initial signs of regaining con-
sciousness (i.e., whisker movements or leg movement in response to toe-
pinch) during the clamping procedure after 6.8–9.5min. These animals
were immediately re-exposed to isoﬂurane in order to remove the clamps
and close the incision. Although arterial occlusion may have been incom-
plete in these animals their data was retained.
EEG and ﬁeld potential recordings
EEG recordings: Animals were tested in a 30 60 30cm Plexiglas cham-
ber, and recordings were collected after animals had habituated to the
chamber via leads connected to a swivel commutator. EEG activity was
recorded from the CA1=subiculum, prefrontal cortex and perirhinal cortex.
Recordings were ﬁltered (0.1–300Hz bandpass), ampliﬁed (A-M Systems,
Model 1700), and digitized with an A=D board (12-bit) at 512Hz for
storage on computer hard disk using the software program Experimenter’s
Workbench (Datawave Tech.). EEG activity was routinely recorded differ-
entially from bipolar electrodes, but monopolar recordings were used when
they provided larger amplitude fEPSPs (4 CA1, 3 PFC, and 2 PRh cases).
Field potentials: Input-output tests were used to monitor synaptic re-
sponses in prefrontal and perirhinal cortices evoked by CA1=subicular
stimulation. Electrical stimuli were generated using a digital to analog
channel (50kHz) and a stimulus isolation unit (A-M Systems, Model
2200) was used to deliver 0.1msec biphasic constant current pulses.
During each test, 10 evoked ﬁeld potentials were recorded in the perirhinal
and prefrontal cortex at each of ﬁve pulse intensities (200, 400, 600, 800,
and 1000mA). Responses were evoked once every 10sec, ﬁltered (0.1Hz–
5kHz), ampliﬁed, and digitized at 20kHz.
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recorded on three occasions; once every 2 days within a 5 day baseline
period. Vertebral arteries were cauterized immediately following the ﬁnal
baseline input=output test. An input=output test and EEG recording was also
conducted on the next day just prior to carotid artery occlusion. EEG ac-
tivity was recorded during the 15min occlusion period and up to 3h during
the initial reperfusion. Three-hour samples of EEG activity and input=output
tests were also obtained 12h following ischemia and one, two, three, and
ﬁve days after ischemia.
Data analysis
EEG recordings: Background EEG activity is typically reduced during
ischemia, and non-epileptiform EEG activity during and following ischemia
was therefore compared to baseline recordings. Representative 8-sec sam-
ples of EEG activity with no spikes were selected for spectral analysis using
the software package origin 7 (OriginLab Corp.). Total power, and power
contained in d (0.5–3.9Hz), y (4–12Hz), b (15–30Hz), and g (30–100Hz)
bands were calculated. Changes in power were analyzed using separate
ANOVAs.
All animals showed some degree of epileptiform EEG activity during
occlusion and=or reperfusion, and the pattern of seizure activity was vari-
able in duration and intensity across the three recording sites. To character-
ize the overall timing of seizure activity, records from each recording site
were visually inspected and scored for the presence of periods of large
amplitude epileptiform activity for periods >30sec that were clearly larger
in amplitude than baseline recordings. This analysis included both relatively
simple recurrent spiking activity as well as more complex patterns recog-
nizable as seizures which evolve in both time and location. To quantify
relationships between spiking in the three recording sites, 24-sec samples of
EEG containing intense seizure activity were sampled during both occlusion
and reperfusion. Spikes were counted and the timing of peaks of nearly
coincident spikes (<50msec) were compared across sites. Spikes that were
synchronous across recording sites ( 2msec), or that were preceded by
spikes in other sites, were identiﬁed and the mean latency-differences were
calculated. Patterns of EEG activity during ischemia are varied and can
include repetitive low frequency spiking, epileptiform discharges, isolated
spikes, as well as non-epiliptiform delta activity (Araki et al. 1986; Hartings
et al. 2003). Here, only clear isolated spikes and sharp initial components of
compound epileptiform events were quantiﬁed, and peaks of spikes rather
than onsets were used to provide unambiguous latency measures. Cross-
correlation functions (Origin) could not be applied routinely because epi-
leptiform spikes were typically nonstationary and represented only a small
portion of total power (Haykin et al. 1996). Records at the onset of occlu-
sion and reperfusion were inspected to determine if seizure activity tended
to develop in one site prior to generalizing to other sites. However, there
were only two animals in which periods of activity in the cortex appeared to
generalize to the hippocampus, and three other animals in which hippocam-
pal seizure activity appeared to generalize to cortical sites, so that no
consistent pattern could be determined from this analysis.
Field potentials: Peak amplitudes of evoked synaptic ﬁeld potentials in
prefrontal and perirhinal cortex were measured relative to the pre-stimulus
baseline of each trace. Changes in evoked responses were expressed relative
to the mean of the largest responses in the ﬁnal baseline test. ANOVAs were
used to evaluate changes in synaptic responses.
Histology: On the last day of recordings, animals were deeply anesthe-
tized with sodium pentobarbital and perfused intracardially with 0.9% saline
followed by 10% formalin. Brains were stored in 10% formalin and cryo-
protected with 30% sucrose 2 days prior to sectioning at 40mmw i t ha
cryostat. Coronal sections were stained with formal-thionin and locations of
electrode tips were veriﬁed by light microscopy.
Results
Electrode placements and background EEG activity
All electrode locations were in or near target structures
(Fig. 1). Sham-operated control animals were not run in this
study, and neuropathological analysis of tissue damage was
therefore not possible. However, low densities of CA1 neu-
rons were noted in 8 of 10 animals (not shown) and no clear
cell loss was noted in perirhinal or prefrontal cortical areas.
All rats showed periods of ﬂattened background EEG
activity during occlusion. In the CA1 region, total power
of non-epileptiform background EEG activity was reduced
signiﬁcantly during occlusion (to 19.1   8.3% of baseline),
and total power was reduced up to 3 days after ischemia
(F11,90¼ 4.37, P<0.001; Fig. 2A1). Power was reduced in
all frequency bands during occlusion, and reductions in the
delta band were maintained most consistently (Fig. 2A2).
Power of activity recorded simultaneously in prefrontal
and perirhinal cortices was variable and lower in amplitude
relative to the CA1 region (not shown). Total power in
the prefrontal cortex was reduced signiﬁcantly only during
occlusion (to 63.4   25.6% of baseline; F11,94¼ 2.37,
P<0.05), and power in the perirhinal cortex was not sig-
niﬁcantly reduced at any time point.
Fig. 1. Locations of chronically implanted electrodes in pre-
frontal cortex (A), perirhinal cortex (B), and CA1=subicular
region (C) on representative sections taken from the atlas of
Paxinos and Watson (1998). Electrodes in the prefrontal
cortex were located within the prelimbic or infralimbic corti-
ces (7 cases) and cingulate cortex (2 cases). Results for one
animal (case 2) were unavailable. Two electrodes targeted at
the perirhinal cortex were located at slightly more dorsal sites
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In addition to reductions in background EEG activ-
ity, all animals showed periods of epileptiform spiking
during occlusion, and various degrees of seizure ac-
tivity were observed in all but 2 cases during the ﬁrst
3h of reperfusion. In most animals, seizure activity
tended to co-occur in all three recordings sites (8 of
10 cases).
Occlusion: There was considerable variability across ani-
mals in the severity and timing of seizure activity during
occlusion (Fig. 3, left panel). Five animals showed initial
signs of regaining consciousness during the occlusion pro-
cedure after 6.8–9.5min indicating incomplete arterial oc-
clusion (asterisks in Fig. 3), and the intensity of seizure
activity was also variable among these animals. Of the
ten animals, three showed relatively minimal or short-
lasting periods of epileptiform activity during occlusion
(Fig. 3, cases 1 to 3), ﬁve showed mild seizure activity
with infrequent and=or sporadic spiking (cases 4 to 8),
and two animals showed more intense and prolonged sei-
Fig. 2. Changes in power of background EEG activity re-
corded in the CA1=subicular region induced by transient
global cerebral ischemia. Samples of background EEG were
chosen for stationarity and the absence of epileptiform spikes.
Total power in the CA1 region was reduced signiﬁcantly
during occlusion and up to 3 days following occlusion (A).
Reductions in power in the CA1 during occlusion occurred in
all frequency bands (B). Asterisks indicate signiﬁcant reduc-
tions relative to the last baseline recording
404 D. A. Caruana et al.zure activity (cases 9 and 10). Compare Figs. 4 and 5 for
examples of minimal and intense seizure activity.
Reperfusion: Three animals showed minimal or no sei-
zure activity during reperfusion. One of these animals also
had minimal seizure activity during occlusion (case 2), but
the two other animals had shown intense seizure activity
(cases 9 and 10).
The remaining seven animals showed more intense ac-
tivity during reperfusion. Three cases showed intermittent
seizure activity that was maintained for much of the 3h
Fig. 3. An overview of the timing of epileptiform EEG activity in the 10 animals tested. All animals showed periods of seizure activity during carotid
artery occlusion (left panel) and 8 of 10 animals also showed seizure activity during the ﬁrst 3h of reperfusion (right panel). Horizontal bars for each
recording site indicate periods during which spikes were clearly larger relative to the amplitude of baseline EEG, and in which spikes occurred at least
once every 30sec. Asterisks in the left panel indicate times at which 5 animals began to regain consciousness. Vertical bars indicate times at which
recordings were discontinued. Animals have been grouped based on the presence of mild (cases 1 to 3), moderate (cases 4 to 8), and severe (cases 9 and 10)
seizure activity during occlusion
Fig. 4. An example of changes in EEG ac-
tivityintheprefrontalcortex(PFC),perirhinal
cortex (PRh), and CA1=subicular region
(CA1) during the onset of global cerebral is-
chemia,and following reperfusion at the indi-
cated times (case 7 from Fig. 3). The arrow
indicatestheonsetofreperfusion,andtracesin
the lower panels show records at an expanded
time-scale. Traces recorded during occlusion
reﬂectaﬂatteningofbackgroundEEGactivity
inallsiteswithlow-frequencydeﬂections,and
occasional epileptiform spiking in the CA1
region. Most animals also showed spiking in
prefrontal and perirhinal cortex during occlu-
sion. Traces recorded during the ﬁrst 3h of
reperfusion show the development of intense
seizure activity in all recording sites, in
which hippocampal spikes sometimes appear
to drive seizure activity in cortical regions ( )
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ing 4 cases (1, 4, 5, 7) showed seizure activity lasting up to
about 70min after reperfusion. Spiking during this period
could be very intense (e.g., Fig. 5). Seizure activity was not
observed in any of the animals after the ﬁrst 3h recording
period (not shown).
Fig. 5. An example of the rapid develop-
ment of intense epileptiform activity in all
recording sites during and following carotid
artery occlusion (case 10 from Fig. 3; con-
ventions are as in Fig. 4). Note that the most
intense activity began to decline after 6min
of occlusion, and the occurrence of seizure
activity during the onset of reperfusion.
Epileptiform spikes were often synchronous
across the three recording sites (O), and
hippocampal spikes ( ) also occurred at
short latencies prior to spikes in prefrontal
and perirhinal cortex
Fig. 6. Spikes in the CA1=subicular region often preceded spikes in cortical sites during periods of intense seizure activity. A case with particularly regular
spiking during reperfusion shows large hippocampal spikes and smaller amplitude EEG activity in cortical areas (A; case 4). The segment indicated by the
horizontal bar in A2 is expanded in A3 and shows that the CA1 spikes tended to lead EEG activity in the cortical sites. Cross-spectral analysis (B) showed that
CA1 spikes lead activity in the prefrontal cortex by 15msec and lead activity in perirhinal cortex by 7msec (arrows). Low amplitude activity in the prefrontal
cortex led activity in the perirhinal cortex (6msec; B, right panel). Group averages of spike counts during 24-sec samples of the most intense seizure activity
(C) show that similar amounts of spiking were observed across the three recording sites during these periods. Of the total number of spikes in the cortical
regions, 31   8% of spikes in perirhinal cortex, and 29   6% of spikes in prefrontal cortex were preceded at short latencies by spikes in the CA1 region
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The relationship between epileptiform spikes in the three
recording sites was investigated by selecting 24sec sam-
ples of the most intense spiking during both occlusion and
reperfusion. The rate of spiking during these periods was
variable across animals, and ranged from 1 to 30 spikes
in 24sec. On average, however, all sites showed about
15 spikes in 24sec and there was no signiﬁcant difference
in rates during occlusion (CA1, 0.66   0.09Hz; PFC,
0.62   0.13Hz; PRh, 0.56   0.13Hz; n¼7) and reperfu-
sion for any site (CA1, 0.73   0.09Hz; PFC, 0.79  
0.09Hz; PRh, 0.64   0.10Hz; n¼9). Thus, although there
was substantial between-subject variability in the frequen-
cy of spikes observed during the most intense seizure ac-
tivity, the group average spike rates were similar during
occlusion and reperfusion, and were also similar across
the three recording sites.
The relative timing of spikes was compared across the
recording sites (e.g., Fig. 6). Results showed many spikes
that were synchronous across all sites (e.g., circles in
Fig. 5). The average number of synchronous spikes did not
differ between occlusion and reperfusion (4.6  0.8 spikes=
24sec overall), and these spikes accounted for a substantial
percentage of total spikes in each site (30  5.3% in CA1,
25.5 4.5% in prefrontal cortex, 29.0  4.8% in perirhinal
cortex). An even larger proportion of spikes were synchro-
nous between only prefrontal and perirhinal cortex. Of the
total spikes in prefrontal cortex, 60.1  12.0% were synchro-
nous with a spike in the perirhinal cortex during occlusion,
and 72.2  9.2% were synchronous during reperfusion (these
same events accounted for 65.0  11.3% of perirhinal spikes
during occlusion, and 89.0  4.4% during reperfusion).
Spikes in both the prefrontal and perirhinal cortex were
sometimes preceded at short intervals by spikes in the CA1
region (e.g., asterisks in Figs. 4 and 5). The proportion of
spikes did not differ between occlusion and reperfusion,
and overall, 28.8   6.4% of spikes in the prefrontal cortex
and 30.6   7.6% of spikes in perirhinal cortex were pre-
ceded by CA1 spikes (Fig. 6C). However, cortical spikes
did not precede CA1 spikes except in four animals in
which perirhinal cortex spikes sometimes preceded CA1
spikes during occlusion. These instances accounted for
10.5   2.6% perirhinal spikes and 13.9   4.1% of CA1
spikes in these four animals.
Evoked synaptic responses: The peak latencies of the
major negative component of cortical ﬁeld potentials
Fig. 7. Synaptic ﬁeld potentials evoked by stimulation of the CA1=subicular region were reduced in both the prefrontal (A) and perirhinal (B) cortex in the
days following transient global ischemia, but reductions were signiﬁcant only for the perirhinal cortex (B2, asterisks). Traces at left show examples of ﬁeld
EPSPs evoked before (solid lines) and 1 day following ischemia (dashed lines) at the indicated pulse intensities (A1, B1). Peak latencies of synaptic
responses in prefrontal and perirhinal cortex were similar to latencies between leading spikes in the CA1 region and subsequent spikes in the cortical areas
(see Results). Note the development of a second peak in evoked responses in the perirhinal cortex following ischemia in this animal (B1, dashed lines).
Mean input=output curves (A3, B3) compare amplitudes of evoked responses on the last baseline day and the ﬁrst follow-up day, and show that the largest
reductions occurred at the highest stimulation intensities, with no apparent change in current thresholds
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the time differences between CA1 spikes that preceded
spikes in prefrontal cortex and perirhinal cortex. The onset
and peak latencies of ﬁeld potentials in the perirhinal cor-
tex evoked by CA1 stimulation (onset, 10.3   2.0; peak,
19.6   3.2; msec Fig. 7B1) were similar to the average
times between CA1 spikes and subsequent spikes in the
perirhinal cortex (mean, 19.7  3.1msec; range, 8.7–
33.4msec in different animals). Similarly, spikes in the
CA1 region occurred 5.6–38.3msec prior to spikes in the
prefrontal cortex (mean, 20.2   3.4msec), and the average
onset and peak latencies of ﬁeld responses in prefrontal
cortex were 18.7  2.3 and 29.9   2.9msec, respectively
(Fig. 7A1). Similar latencies were obtained using cross-
correlation functions in a case that showed relatively sta-
tionary epileptiform activity and low-amplitude back-
ground EEG (Fig. 6B).
There were lasting reductions in synaptic responses
in the 5-day period following ischemia but reductions
were signiﬁcant only in the perirhinal cortex. Responses
in perirhinal cortex evoked by CA1 stimulation fell to
74.7   12.2% of baseline levels at the highest stimulus
intensity and remained depressed for the 5 day period
(F30,150¼3.18, P<0.001; Fig. 7B2,3). Responses in the
prefrontal cortex fell to 59.6  13.9% of baseline levels
one day following ischemia, but this reduction was not
statistically signiﬁcant (Fig. 7A2,3).
Discussion
Chronic electrophysiological recording techniques have
been used here to monitor the occurrence of seizure activity
in the hippocampal formation, perirhinal cortex, and pre-
frontal cortex during the induction of transient global is-
chemia using the four-vessel occlusion model. In summary,
four-vessel occlusion led to a ﬂattening of background
EEG activity, and to variable patterns of seizure activity
in hippocampus, perirhinal and prefrontal cortex during
ischemia and the ﬁrst several hours of reperfusion. Spiking
activity was often synchronous among the three recording
sites, but CA1 spikes were also observed prior to spikes
in the cortical regions. Ischemia also resulted in a lasting
reduction in synaptic responses evoked in the perirhinal
cortex by hippocampal stimulation.
The time-course and severity of epileptiform activity was
variable across subjects, but epileptiform activity was ob-
served in all animals during and=or following occlusion in
all recording sites (Fig. 3). Spiking that was synchronous
across recording sites was observed, but there were also
periods of spiking localized to the hippocampus and to
cortical sites. Spikes in the hippocampus often occurred
just prior to spikes in cortical regions (Fig. 6A3, C).
Recordings were obtained from a limited number of brain
sites, and we cannot know the relative contribution of hip-
pocampal, cortical, and subcortical regions to the genera-
tion, synchronization and timing of seizure activity. The
observed temporal relationships between hippocampal and
cortical spiking could therefore be explained by common
circuitries outside of these areas rather than simply by
delays within hippocampal projections to cortex. However,
these ﬁndings demonstrate that seizure activity occurs
in the prefrontal and perirhinal cortex during and follow-
ing ischemia, and our data are also consistent with the
possibility that the hippocampus contributes to seizure
activity in cortical areas. This provides an additional
mechanism that may contribute to cortical dysfunction
and lasting cognitive deﬁcits following ischemia (Mumby
et al. 1996).
Ischemia-induced epileptiform activity
We have shown here that the four-vessel occlusion model
results in seizure activity, and the extent of the activity we
observed did not depend on whether animals received com-
plete or partial occlusions. All animals showed periods of
ﬂattened background EEG activity that is typical during
occlusion (Schmidt-Kastner et al. 1989), but they also
showed variable degrees of epileptiform spiking during
both occlusion and reperfusion. In some animals there
was only minimal and short-lasting epileptiform activity
similar to the transient hyperexcitability and spiking ob-
served by others during initial stages of ischemia and re-
perfusion (Freund et al. 1989; Schmidt-Kastner et al. 1989;
Furukawa et al. 1990; Uchino et al. 1996). Other animals
showed much stronger seizure activity consistent with oth-
er reports of intense seizures and hyperexcitability during
and following global ischemia (Araki et al. 1986; Voll and
Auer 1991; Reid et al. 1996). Middle cerebral artery occlu-
sion also results in prolonged periods of epileptiform spiking
in about 80% of animals (Hartings et al. 2003).
The ischemia-induced seizure activity observed here was
variable. In their initial study, Schmidt-Kastner et al. (1989)
inferred incomplete occlusion in 13% of cases in which
ﬂattening of EEG was not observed. Substantial residual
bloodﬂow is known to be present during successful four-
vessel occlusion (Caragine et al. 1998), and this residual
bloodﬂow may have promoted seizure activity in animals
that underwent occlusion for the entire 15min. Variability
in temperature among animals is also likely a major factor.
Body temperature was monitored during surgical proce-
408 D. A. Caruana et al.dures in this study, but we were not able to monitor brain
temperature during occlusion and reperfusion and do not
know how temperature may relate to variability in seizure
activity or neuronal damage (Corbett and Nurse 1998).
We also used isoﬂurane anesthesia to place the arterial
clamps, and this may have contributed to variability in
responses.
We observed no seizure activity in the days following
ischemia in any animal, and this is consistent with most
reports. It was initially thought that the delayed neuronal
death in the hippocampus which typically occurs over a
period of days after ischemia (Pulsinelli and Brierley 1979;
Kirino 1982; Dirnagl et al. 1999) resulted in part from
hyperactivity or seizures (Suzuki et al. 1983). However, a
number of labs have reported a complete absence of sei-
zures in the days following ischemia (Monmaur et al. 1986;
Armstrong et al. 1989; Buzsaki et al. 1989; Imon et al.
1991; Peruche et al. 1995), and seizures are also absent
several hours after transient middle cerebral artery occlu-
sion (Hartings et al. 2003; Karhunen et al. 2003). The use
of Long Evans rats in this study could also account for the
lack of persistent seizure activity. Studies that have ob-
served seizures in the days following ischemia have used
Wistar rats (Warner et al. 1987; Smith et al. 1988; Voll
and Auer 1991; Wood et al. 1993; Mumby et al. 1996).
Seizures are also not induced by kainic acid as reliably in
L o n gE v a n sr a t sa sc o m p a r e dt oW i s t a ro rF i s h e rr a t s
(Golden et al. 1991, 1995), and Long Evans rats are also
not as prone to audiogenic seizures (Ross and Coleman
1 9 9 9 ) .W er e c o r d e do n l y3hs a m p l e so fE E G ,b u ti t
seems unlikely that we missed seizures in these animals
at other times.
The reduced power of hippocampal EEG observed
here ﬁts with previous reports of continued neuronal de-
generation in the CA1 region four to seven days following
ischemia (Monmauer et al. 1986; Armstrong et al. 1989;
Buzsaki et al. 1989; Peruche et al. 1995), and degeneration
in the CA1 region could also explain the observed re-
ductions in synaptic responses. Synaptic depression within
cortex could contribute, but the maintained ﬂattening
of hippocampal EEG (Fig. 2) suggests that neuronal de-
generation within the hippocampus was the major cause
(Peruche et al. 1995).
Relationship between seizure activity in hippocampus
and cortex
The majority of spikes recorded during the most intense
periods of seizure activity were simultaneous among re-
cording sites and could therefore reﬂect generalized seizure
activity. Thalamic and extrahippocampal regions including
the entorhinal cortex, CA3, piriform cortex, and perirhinal
cortex contribute to seizure activity (Gale 1992; Chapman
and Racine 1997; Congar et al. 2000; McIntyre and Kelly
2000; Avoli et al. 2002) but our present data do not indicate
what structures may ultimately drive the seizure activity
recorded here. In addition to spikes which were synchro-
nous across all recording sites, about one third of hippo-
campal spikes during intense seizure activity occurred just
prior to spikes in one or both of the cortical sites. However,
it was rare for cortical spikes to precede hippocampal
spikes. Time delays between individual hippocampal and
cortical spikes were similar to latencies of synaptic
responses evoked in the cortical areas by stimulation of
the CA1=subiculum, and this suggested that synaptic vol-
leys from the hippocampus may play a role in the timing
or maintenance of seizure activity in the cortical sites.
Perirhinal and piriform cortices play a central role in the
propagation of seizures to frontal regions in the kindling
model of epilepsy (McIntyre and Kelly 2000), and propa-
gation of seizure activity from hippocampus to perirhinal
cortex has also been observed during seizures induced by
bicuculline in the isolated Guinea pig brain (Uva et al.
2005). Thus, although other coactive structures may drive
relationships between spiking patterns in our recording
sites, and synchronized volleys of hippocampal input to
cortical sites is only one factor among many that may
promote cortical spiking, our data are consistent with a role
of the hippocampus in promoting seizure activity in the
cortex during the early phases of ischemia.
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